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The coherent and incoherent J/Ψ photoproduction in PbPb collisions are investigated considering
the possible states of nucleon configurations in the nuclear wave function and taking into account of
the non - linear corrections to the QCD dynamics. The cross sections and the rapidity and transverse
momentum distributions are estimated for the energies of the next run of the LHC, High – Energy
LHC and Future Circular Collider. Our results indicate that a future experimental analysis of these
processes will be useful to discriminate between different approaches for the QCD dynamics as well
to improve our description of the gluon saturation effects.
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I. INTRODUCTION
Heavy ion collisions are an important laboratory that provides distinct alternatives to probe fundamental
aspects of the strong interactions theory – the Quantum Chromodynamics (QCD). For central and semi –
central collisions, where the impact parameter b of the collision is smaller than the sum of the nuclear radius
and the strong interactions dominate, we can probe the creation of the Quark - Gluon Plasma (QGP) and
constrain its properties [1]. In contrast, ultraperipheral collisions (UPHICs), which are defined as collisions at
large impact parameters b > 2R where the long range photon – induced interactions become dominant, can be
used to contrain the QCD dynamics at high energies (small – x) [2]. One has that the description of the initial
conditions for the collective behaviour of the medium produced in central and semi - central heavy ion collisions
are determined by the momentum and spatial distributions of gluons in the nuclei, which are expected to be
sensitive to the presence of non – linear effects in the QCD dynamics [3]. Therefore, there is a strict connection
between the physics probed in central, semi - central and ultraperipheral collisions, which can be explored in
order to improve our understanding of QCD at large energies and high densities [4].
Over the last decades, experiments at RHIC and LHC have collided a variety of nuclei over a wide range
of energies, allowing to produce and characterize the properties of QGP as well as to study the production
of different final states generated in ultraperipheral heavy ion collisions. In the coming years, new LHC data
at larger energies (
√
s = 5.5 and 10.6 TeV) and the implementation of the nuclear programme at the FCC
(
√
s = 39 TeV) are expected to advance in our understanding of the nature of the hot and dense QCD matter
produced in these collisions [5]. However, the accuracy with which the properties of the QGP can be constrained
in these future collisions strongly depends on the knowledge of the incoming nuclear wave functions at small
- x. In this paper, motivated by the studies performed in the Refs. [6–17] for smaller center - of - mass
energies, we will investigate the possibility of determine the presence of gluon saturation effects and estimate
the magnitude of the associated non-linear corrections for the QCD dynamics in ultraperipheral PbPb collisions
for the energies of the next run of the LHC (
√
s = 5.5 TeV) [18], as well as for the energies of the High – Energy
LHC (
√
s = 10.6 TeV) [19] and Future Circular Collider (
√
s = 39 TeV) [20]. In particular, we will consider the
exclusive photoproduction of J/Ψ on heavy nuclei, which is driven by the gluon content of the nucleus and is
strongly sensitive to non-linear effects (parton saturation). We will estimate the contribution of the coherent and
incoherent J/Ψ processes, which provide different insights about the nuclear structure and the QCD dynamics
at high energies [21–24]. Such processes are represented in Fig. 1, where the Pomeron (IP ) represents a color
singlet exchange between the dipole and the target. If the nucleus scatters elastically, the process is called
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FIG. 1: Typical diagrams for the (a) coherent and (b) incoherent J/Ψ photoproduction in ultraperipheral PbPb collisions.
coherent production, and the associated cross section measures the average spatial distribution of gluons in the
target. On the other hand, if the nucleus scatters inelastically, the process is denoted incoherent production. In
this case, one sums over all final states of the target nucleus, except those that contain particle production. The
associated cross section probes the fluctuations and correlations in the nuclear gluon density. In both cases, the
final state is characterized by two rapidity gaps. As demonstrated in Refs. [21–24], the coherent production
probes the averaged density profile of the gluon density, while the incoherent cross sections constrain the event
- by - event fluctuations of the gluonic fields in the target. In our analysis, we will describe the nuclear profile
taking into account of the possible states of nucleon configurations in the nuclear wave function, assuming
that each nucleon in the nucleus has a Gaussian profile of width Bp, centered at random positions sampled
from a Woods-Saxon nuclear profile [21, 24]. The numerical calculations will be performed using the Sartre
event generator proposed in Ref. [21] and detailed in Ref. [25]. In order to estimate the impact of the non -
linear (saturation) effects, we will compare the full predictions with those obtained disregarding these effects.
As we will demonstrate below, the total cross sections for coherent and incoherent processes, as well as the
corresponding rapidity and transverse momentum distributions, are sensitive to the non - linear effects. Our
results indicate that the study of the exclusive J/Ψ photoproduction in ultraperipheral PbPb collisions at the
LHC, HE - LHC and FCC can be useful to discriminate between the saturation and non - saturation scenarios.
This paper is organized as follows. In the next Section, we present a brief review of the formalism used
to estimate the coherent and incoherent cross sections as well the model for the nuclear profile used in our
calculations. In Section III we present our results for the coherent and incoherent cross sections, considering the
kinematical range that will be probed by the LHC, HE - LHC and FCC. Finally, in Section IV we summarize
our main conclusions.
II. FORMALISM
The coherent and incoherent J/Ψ photoproduction in ultraperipheral PbPb collisions are represented by the
diagrams shown in Fig. 1. As pointed before, the final state will be characterized by two rapidity gaps, i.e. the
outgoing particles are separated by a large region in rapidity in which there is no additional hadronic activity
observed in the detector. In the case of coherent interactions (left panel), the nucleus scatters elastically and
remains intact in the final state. In contrast, in incoherent interactions (right panel), the nucleus scatters
inelastically, i.e., breaks up due to the pT (=
√−t) kick given to the nucleus. Theoretically, it is expected that
the coherent production dominates at small squared transverse momentum transfer t (|t| · R2/3  1, where R
is the nuclear radius), with its signature being a sharp forward diffraction peak. On the other hand, incoherent
production is expected to dominate at large t (|t| ·R2/3 1), with the associated t-dependence being to a good
accuracy the same as in the production off free nucleons. In ultraperipheral collisions, the PbPb cross sections
for the coherent and incoherent processes can be written in a factorized form, given by the so called equivalent
photon approximation [26], with the differential cross sections being expressed as follows
dσcoh
dy dt
= nPb(y) · dσ
dt
(γPb→ J/ΨPb; y)
∣∣∣∣
coh
+ nPb(−y) · dσ
dt
(γPb→ J/ΨPb;−y)
∣∣∣∣
coh
, (1)
and
dσinc
dy dt
= nPb(y) · dσ
dt
(γPb→ J/ΨX; y)
∣∣∣∣
inc
+ nPb(−y) · dσ
dt
(γPb→ J/ΨX;−y)
∣∣∣∣
inc
, (2)
3where y is the rapidity of the J/Ψ in the final state, which determines the photon energy ω in the collider frame
and, consequently, the photon - nucleus center of mass energy W =
√
4ωE, where E =
√
s/2 and
√
sNN is
the total collision energy per nucleon pair in the center-of-mass frame. As both incident nuclei act as a source
of photons [2], the contributions associated to photon - Pomeron and Pomeron - photon interactions are taken
into account in the above equations. Moreover, nA denotes the equivalent photon spectrum of the relativistic
incident nucleus. As in our previous studies [9, 10, 16] we will assume a point – like form factor for the nucleus,
which implies that [2]
nA(ω) =
2Z2αem
pi
[
ξK0(ξ)K1(ξ)− ξ
2
2
(
K21 (ξ)−K20 (ξ)
)]
, (3)
where ξ = ω (2R) /γL, with γL being the Lorentz factor. In our analysis we are assuming that the photons
emitted are coherently radiated by the whole nucleus. Such condition imposes that the minimum photon
wavelength must be greater than the nuclear radius. As a consequence, the photon virtuality must satisfy
Q2 = −q2 ≤ 1/R2, with the photon four – momentum being qµ = (ω, ~q⊥, qz = ω/v), where ~q⊥ is the transverse
momentum of the photon in a given frame, where the projectile moves with velocity v. It implies that Q2 =
ω2/γ2L + q
2
⊥. The coherence condition limits the maximum energy of the photon to ω < ωmax ≈ γL/R and the
perpendicular component of its momentum to q⊥ ≤ 1/R. Therefore, the coherence condition sets an upper limit
on the transverse momentum of the photon emitted by the nucleus, which should satisfy q⊥ ≤ 1/R, being ≈ 28
MeV for Pb beams. Consequently, the photon virtuality can be neglected and the photons can be considered as
being real. The maximum photon energy can also be derived considering that the maximum possible momentum
in the longitudinal direction is modified by the Lorentz factor, γL, due to the Lorentz contraction of the nucleus
in that direction. It implies ωmax ≈ γL/R and, consequently, Wmax =
√
2ωmax
√
sNN . Considering the
values of
√
sNN for PbPb collisions at the LHC (
√
sNN = 5.5 TeV) and FCC (
√
sNN = 39 TeV), we obtain that
the maximum photon – nucleon center – of – mass energy, Wmax, reached in these collisions are 0.95 TeV and
6.8 TeV, respectively. Such values are much larger than those studied at HERA and that will be accessed in
the future electron – ion collider. Therefore, the study of photon – nucleus interactions at LHC and FCC will
allow us to probe the QCD dynamics in a unexplored kinematical range. As pointed out in the Introduction,
to establish the dynamics at small - x is fundamental to the success of the heavy ion physics program.
The main input in Eqs. (1) and (2) are the differential cross sections, dσ/dt, for the coherent and incoherent
interactions. In order to estimate these quantities we will take into account the distinct nucleon configurations
of the nucleus and average over all possible configurations. For coherent interactions, in which the nucleus is
required to remain in its ground state, the average over the configurations of the nuclear wave function, denoted
by 〈...〉 hereafter, is taken at the level of the scattering amplitude. Consequently, the coherent cross section is
obtained by averaging the amplitude before squaring it and the differential distribution will be given by
dσγPb→J/ΨPb
dt
∣∣∣∣∣
coh
=
1
16pi
∣∣∣〈A(x,∆)〉∣∣∣2 , (4)
where x = (M2 − t)/(W 2), with M being the J/Ψ mass, and ∆ = √−t is the momentum transfer. On the
other hand, for incoherent interactions, the average over configurations is at the cross section level. In this case,
the nucleus can break up and the resulting incoherent cross section will be proportional to the variance of the
amplitude with respect to the nucleon configurations of the nucleus, i.e., it will measure the fluctuations of the
gluon density inside the nucleus. The differential cross sections for incoherent interactions will be expressed as
follows:
dσγPb→J/ΨX
dt
∣∣∣∣∣
inc
=
1
16pi
(〈∣∣A(x,∆)∣∣2〉− ∣∣∣〈A(x,∆)〉∣∣∣2) , (5)
where X = Pb∗ represents the dissociative state. In our calculations we will include the skewedness correction
by multiplicating the coherent and incoherent cross sections by the factor R2g as given in Ref. [27]. In the color
dipole formalism, the scattering amplitude A(x,∆) can be factorized in terms of the fluctuation of the photon
into a qq¯ color dipole, the dipole-nucleus scattering by a color singlet exchange and the recombination into the
exclusive final state J/Ψ, being given by
A(x,∆) = i
∫
d2r
∫
dz
4pi
∫
d2b e−i[b−(1−z)r].∆ (ΨV ∗Ψ)
dσdA
d2b
(x, r, b) (6)
where (ΨV ∗Ψ) denotes the wave function overlap between the photon and the J/Ψ wave functions, which will
be described using the Boosted Gaussian model (For details see e.g. Ref. [10]). The variables r and z are the
dipole transverse radius and the momentum fraction of the photon carried by a quark (an antiquark carries
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FIG. 2: Rapidity distributions for the coherent and incoherent J/Ψ photoproduction in PbPb collisions for the (a) LHC,
(b) HE - LHC and (c) FCC energies.
then 1−z), respectively, and b is the impact parameter of the dipole relative to the target. Moreover, dσdA/d2b
is the dipole-nucleus cross section (for a dipole at impact parameter b) which encodes all the information about
the hadronic scattering, and thus about the non-linear and quantum effects in the hadron wave function. How
to treat the dipole - nucleus interaction is still an open question due to the complexity of the impact parameter
dependence. In principle, dσdA/d2b can be derived using the Color Glass Condensate (CGC) formalism [29],
which is characterized by the infinite hierarchy of equations, the so called Balitsky-JIMWLK equations [28, 29],
which reduces in the mean field approximation to the Balitsky-Kovchegov (BK) equation [28, 30].
In our analysis, following the studies presented in Refs. [9, 10, 21, 24], we will describe the dipole - nucleus
cross section using the Glauber-Gribov formalism [31–33], which implies that dσdA/d2b is given by
dσdA
d2b
= 2
(
1− exp
[
−1
2
σdp(x, r
2)TA(b)
])
, (7)
where σdp is the dipole-proton cross section and TA(b) is the nuclear profile function. We will describe the
nuclear profile TA(b) taking into account of all possible states of nucleon configurations in the nuclear wave
function. Following Refs. [21, 24], we will assume that each nucleon in the nucleus has a Gaussian profile of
width Bp, centered at random positions bi sampled from a Woods-Saxon nuclear profile as follows
TA(b) =
1
2piBp
A∑
i=1
exp
[
− (b− bi)
2
2Bp
]
. (8)
Moreover, as in Ref. [21], the dipole - proton cross section will be given by
σdp(x, r
2) =
pi2r2
Nc
αs(µ
2) xg
(
x, µ2 =
C
r2
+ µ20
)
(9)
where the gluon distribution evolves via DGLAP equation, with the initial condition at µ20 taken to be
xg(x, µ20) = Agx
−λg (1 − x)6. In this work, we assume the parameters Bp, Ag, λg, C and µ20 obtained in Ref.
[34] for the IP-SAT model. We will denote by b - Sat the predictions derived using Eq. (7) as input in the
calculations. In order to estimate the impact of non-linear corrections to the QCD dynamics, we also will
estimate the observables assuming that the dipole - nucleus cross section is given by:
dσdA
d2b
= σdp(x, r
2)TA(b) , (10)
which disregards the effect of the multiple elastic dipole rescatterings. The associated predictions will be denoted
by b - Non Sat hereafter. For this case, we assume the parameters Bp, Ag, λg, C and µ20 obtained in Ref. [34]
for the IP-NONSAT model.
III. RESULTS
In what follows, we will present predictions for the coherent and incoherent J/Ψ photoproduction in PbPb
collisions for the energies of the next run of the LHC (
√
s = 5.5 TeV) [18], as well as for the energies of the High –
Energy LHC (
√
s = 10.6 TeV) [19] and Future Circular Collider (
√
s = 39 TeV) [20]. The numerical calculations
5PbPb Collisions
√
s = 5.5 TeV
√
s = 10.6 TeV
√
s = 39 TeV
Dipole Model b-Sat b-Non Sat b-Sat b-Non Sat b-Sat b-NonSat
Coherent (Total) 22.6 36.8 39.5 67.0 98.7 184.4
Coherent (|y| < 2.0) 15.8 25.9 24.6 41.9 51.1 94.4
Coherent (2.0 < y < 4.5) 3.4 5.4 7.4 12.6 21.4 41.5
Incoherent (Total) 4.2 9.0 7.2 16.5 17.3 45.6
Incoherent (|y| < 2.0) 2.9 6.3 4.4 10.3 8.9 23.3
Incoherent (2.0 < y < 4.5) 0.7 1.3 1.4 3.1 3.7 10.2
TABLE I: Cross sections, in mb, for the coherent and incoherent J/Ψ photoproduction in PbPb collisions at the LHC,
HE - LHC and FCC considering the b-Sat and b-Non Sat dipole models.
will be performed using the Sartre event generator [25]. In order to perform the averages present in the coherent
and incoherent cross sections, we have considered 500 distinct nucleon configurations. As demonstrated in [21],
this number of configurations is enough to obtain a good description of the cross sections for |t| ≤ 0.08 GeV2,
which is the range of interest in our study.
Initially, let’s estimate the rapidity distribution, which is one of the main observables that can be directly
measured at the LHC and FCC. The predictions for coherent and incoherent interactions can be obtained from
Eqs. (1) and (2) by integrating over all values of t. The results are presented in Fig. 2. One has that the
coherent interactions dominate, in agreement with the results presented in Refs. [9, 11, 13] for smaller center
- of - mass energies. Such result is expect, since the coherent production is characterized by a sharp forward
diffraction peak, being much larger than the incoherent one for small values of |t| (see below). Moreover, we
have that the values of the rapidity distribution for midrapidity increase with the energy, with the increasing
being dependent on the modeling of the QCD dynamics. We have that the b-Sat predictions are a factor >∼ 1.5
smaller than the b-Non Sat one. The associated cross sections are presented in Table I by integrating over the
full rapidity range as well as over the typical ranges covered by central and forward detectors. The cross sections
are of the order of mb, which implies that the number of events per year at the LHC / HE-LHC / FCC will
be larger than 106/ 107/ 108, if we assume the expected integrated luminosity as being L = 3.0/ 10/ 110 nb−1
[18–20]. Such large number of events implies that a detailed analysis of the coherent and incoherent processes
is, in principle, feasible. Our results indicate that the measurement of the rapidity distribution can be useful to
discriminate between the b-Sat and b-Non Sat scenarios.
Another observable of interest is the squared momentum transfer (t) distribution for a fixed rapidity. As
demonstrated in previous studies [8, 9, 16], such distribution is an important alternative to probe the QCD
dynamics at high energies and provide information about the spatial distribution of the gluons in the target and
about fluctuations of the color fields. Our predictions are presented in Fig. 3 for distinct energies considering
central (upper panels) and forward (lower panels) rapidities. As expected from previous studies [9, 11], the
coherent dominates at small - |t| and the incoherent ones at large values of the momentum transfer, which is
associated to the fact that increasing of the momentum kick given to the nucleus the probability that it breaks
up becomes larger. As a consequence, the J/Ψ production at large - |t| is dominated by incoherent processes.
In addition, the coherent cross sections clearly exhibit the typical diffractive pattern and is characterized by a
sharp forward diffraction peak. In contrast, the incoherent cross section is characterized by a flat t - dependence,
decreasing when |t| → 0. Regarding the impact of the saturation effects, one has that the normalization of the
incoherent predictions is modified by the non - linear effects, with the difference between the b-Sat and b-Non
Sat predictions increasing with the energy. A similar effect is also observed in the coherent case. However, for
the coherent processes, the position of the dips is sensitive to the presence of the saturation effects, in agreement
with the results obtained in Refs. [9, 16]. Our results indicate that the position of the second dip is dependent on
description of the QCD dynamics, with the predictions becoming more distinct at larger energies. However, it
is important to emphasize that the experimental separation of coherent processes at large - |t| is still a challenge
due to the dominance of the incoherent interactions. An alternative is the detection of the fragments of the
nuclear breakup produced in the incoherent processes. e.g. the detection of emitted neutrons by zero - degree
calorimeters [21, 35].
IV. SUMMARY
Ultraperipheral heavy ion collisions at the LHC and FCC are an important alternative to constrain the QCD
dynamics at high energies and, consequently, the description of the initial conditions for central and semi -
central collisions. In particular, the increasing in the center - of - mass energy and integrated luminosity in
the forthcoming experiments opens up new opportunities to probe the nuclear wave function in a unexplored
energy range, where non - linear (saturation) effects are expected to significantly contribute. In this paper,
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FIG. 3: Transverse momentum distributions for the coherent and incoherent J/Ψ photoproduction in PbPb collisions
for the LHC, HE - LHC and FCC energies considering the central (upper panels) and forward (lower panels) rapidity
ranges.
we have performed a detailed investigation of the coherent and incoherent J/Ψ photoproduction in PbPb
collisions considering the possible states of nucleon configurations in the nuclear wave function and taking
into account of the non - linear corrections to the QCD dynamics. Moreover, a comparison with the results
derived disregarding these corrections was also presented. We have derived predictions for the cross sections of
the coherent and incoherent processes considering the rapidity ranges covered by central and forward detectors,
which demonstrated that the event rates of these processes are very large and that they are sensitive to saturation
effects. Moreover, predictions for the rapidity and transverse momentum distributions were presented. In
particular, these results indicate that the experimental analysis of the transverse momentum distribution is
useful to discriminate between different approaches for the QCD dynamics as well to improve our description
of the gluon saturation effects. Finally, our results indicate that a future experimental analysis of the coherent
and incoherent processes will be useful to improve our understanding of the QCD dynamics at high energies.
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